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Editor: Dr. B. JonesThe Early Triassic biotic recovery following the end-Permian mass extinction is well documented in the
Smithian–Spathian Thaynes Group of the western USA basin. This sedimentary succession is commonly
interpreted as recording harsh conditions of various shallow marine environments where microbial structures
ﬂourished. However, recent studies questioned the relevance of the classical view of long-lasting deleterious
post-crisis conditions and suggested a rapid diversiﬁcation of somemarine ecosystems during the Early Triassic.
Using ﬁeld and microfacies analyses, we investigate a well-preserved Early Triassic marine sedimentary succes-
sion in Lower Weber Canyon (Utah, USA). The identiﬁcation of microbial structures and their depositional set-
tings provide insights on factors controlling their morphologies and distribution. The Lower Weber Canyon
sediments record the vertical evolution of depositional environments from a middle Smithian microbial and
dolosiliciclastic peritidal system to a late Smithian-early Spathian bioclastic, muddymid ramp. Themicrobial de-
posits are interpreted as Microbially Induced Sedimentary Structures (MISS) that developed either (1) in a
subtidalmid rampwhere microbial wrinkles and chips are associatedwithmegaripples characterizing hydrody-
namic conditions of lower ﬂow regime, or (2) in protected areas of inter- to subtidal inner ramp where they
formed laminae and domal structures. Integrated with other published data, our investigations highlight that
the distribution of these microbial structures was inﬂuenced by the combined effects of bathymetry, hydrody-
namic conditions, lithology of the substrat physico-chemical characteristics of the depositional environment
and by the regional relative sea-level ﬂuctuations. Thus, we suggest that local environmental factors and basin
dynamics primarily controlled the modalities of microbial development and preservation during the Early
Triassic in the western USA basin.
© 2017 Elsevier B.V. All rights reserved.Keywords:
Early Triassic
Microbial deposits
MISS
Depositional environments
Smithian–Spathian transition
Western USA basin1. Introduction
Following the end-Permian mass extinction, the Early Triassic
recovery is generally associatedwith persistent or recurrent deleterious
conditions such as anoxia, ocean acidiﬁcation, unstable productivity
and climate warming (Galfetti et al., 2007; Sun et al., 2012; Grasby
et al., 2013). The post-crisis interval has notably been characterized by
a “reef gap” (Flügel, 2002) with typical Permian metazoan reef-
building organisms replaced by various microbial-dominated deposits.s, UMR 6282, CNRS, Université
ijon, France.
.fr (A.-S. Grosjean).Early Triassic microbial deposits are thus commonly described as
“anachronistic facies” indicative of prolonged environmental stresses
due to their similarities with some Precambrian and Cambrian facies
(Baud et al., 1997, 2007; Pruss et al., 2004; Woods, 2014). Nevertheless,
recent works highlighted that microbial deposits are sometimes
associated with sponges and bivalves forming bioconstructions of dif-
ferent structures and sizes (Szulc, 2007; Brayard et al., 2011; Marenco
et al., 2012), as well as with various inhabitants such as ostracods and
gastropods for which they would have represented a potential refuge
or food resource in the crisis aftermath (Forel et al., 2013; Brayard
et al., 2015). Such consortia, as well as recent ﬁndings of diversiﬁed
biotas, suggest that some settings were favourable to a rapid recovery
after the end-Permian mass extinction (Brayard et al., 2015, 2017).
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Fig. 1. (A) Early Triassic location of the western USA basin (modiﬁed from Brayard et al.,
2013). (B) Illustration of the NW–SE transgression recorded in the Smithian
sedimentary successions of Utah (modiﬁed from Lucas et al., 2007; Brayard et al., 2013).
Lower Weber Canyon (this work), Mineral Mountains (Vennin et al., 2015) and Torrey
(Olivier et al., 2016) sections are indicated. (C) Simpliﬁed stratigraphic subdivision of
the Early Triassic sedimentary succession at the LWC section.
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debated by the scientiﬁc community, which multiplies approaches
(e.g., geochemistry, paleontology, sedimentology) and proxies to
decipher local and regional environmental factors that inﬂuenced the
biotic recovery. In some instances, these studies led to better identify
the development of microbial deposits in some places (Payne et al.,
2006; Kershaw et al., 2010; Vennin et al., 2015; Bagherpour et al.,
2017; Tang et al., 2017).
Speciﬁc studies on Early Triassic microbial deposits mainly focus on
microbialites, i.e., “organosedimentary deposits that have accreted as
the result of a benthicmicrobial community trapping and binding detri-
tal sediment and/or forming the locus of mineral precipitation” (Burne
andMoore, 1987, p. 241–242). Early Triassic microbialites are observed
in a wide range of depositional environments from platform interior to
deepwater settings (Baud et al., 2007;Woods and Baud, 2008; Kershaw
et al., 2012; Mata and Bottjer, 2012; Vennin et al., 2015; Bagherpour
et al., 2017). By contrast, Microbially Induced Sedimentary Structures
(MISS; Noffke et al., 2001), i.e., benthic microbial communities inducing
biostabilization of the substrate without direct carbonate precipitation
(Noffke and Awramik, 2013), are more rarely described from Early
Triassic exposures, and they mostly correspond to Spathian shallow
peritidal environments (e.g., Pruss et al., 2004; Mata and Bottjer,
2009). Here, we study the sedimentary succession of the Lower Weber
Canyon (LWC) section in northern Utah, USA (Fig. 1) that records
well-preserved MISS during a long-time interval from the Smithian up
to their cessation just before the Smithian/Spathian Boundary (SSB).
The LWC section is characterized by the evolution of sedimentation
from dolosiliciclastic- to carbonate-dominated deposits. The aims
of this study are: (i) the reconstruction of paleoenvironments and
factors inﬂuencing the transition from dolosiliciclastic to carbonate-
dominated sedimentation, (ii) the characterization of MISS within
their stratigraphic and sequential framework, and (iii) the identiﬁcation
of controlling factors acting on the presence ofMISS during the Smithian
and their cessation.
2. Geological setting
During the Permian-Triassic transition, the Sonoma orogeny led to
the formation of the western USA basin, named the Sonoma Foreland
Basin (SFB), located at a near-equatorial position on thewestern Pangea
margin (Fig. 1A; Burchﬁel and Davis, 1975; Ingersoll, 2008; Dickinson,
2013). This sedimentary basin mainly extends from the modern states
of Idaho and Wyoming to Utah and eastern Nevada. In this area, the
Early Triassic sea-level displayed a long-term transgression with a
main NW–SE orientation (Fig. 1B; Paull and Paull, 1993; Lucas et al.,
2007; Brayard et al., 2013; Olivier et al., 2014) within a complex
basin-ﬂoor paleotopography resulting from differential subsidence
(Blakey, 1977; Caravaca et al., 2017a). This Smithian regional sea-level
rise corresponds to the transgressive semi-cycle of the second third-
order transgressive-regressive (T-R) sequence recorded in the SFB
(Haq et al., 1987; Paull and Paull, 1993; Embry, 1997). The late Smithian
ammonoid Anasibirites bearing beds record the maximum ﬂooding at
the basin scale, before a regressive trend starting in the early Spathian
(Collinson and Hasenmuller, 1978; Carr and Paull, 1983; Paull and
Paull, 1993; Lucas et al., 2007; Brayard et al., 2013; Jattiot et al., 2017).
In this context, the resulting Early Triassic sedimentary succession is
spatially heterogeneous, ranging from continental terrigenous con-
glomerates and sandstones of the Moenkopi Group to mixed terrige-
nous and marine carbonates of the Thaynes Group (Lucas et al., 2007).
The latter stratigraphic unit typically displays shale-limestone alterna-
tions of a shallow marine platform (McKee, 1954; Collinson et al.,
1976). Following the NW–SE transgression across the SFB (Fig. 1B),
these marine deposits interﬁnger with and overlap the Moenkopi
Group southward (e.g., Lucas et al., 2007; Caravaca et al., 2017a). From
southern Idaho to southern Utah, the Early Triassic rocks overlies
unconformably various middle Permian rocks highlighting the majorregional stratigraphic and sedimentary hiatus of the Permian− Triassic
transition (Newell, 1948; Clark, 1957; Hose and Repenning, 1959;
Collinson et al., 1976; Goodspeed and Lucas, 2007). Recent
biostratigraphical studies on bivalve and ammonoid occurrences led to
the calibration of the Early Triassic sedimentary succession in central
and southern Utah from the Dienerian to early Spathian (Brayard
138 A.-S. Grosjean et al. / Sedimentary Geology 363 (2018) 136–151et al., 2013; Hofmann et al., 2014). A robust middle to late Smithian bio-
stratigraphic framework based on ammonoids is also available for most
parts of the basin (Brayard et al., 2009, 2013; Jattiot et al., 2016, 2017).
Various Smithian and Spathianmicrobial deposits have already been re-
ported within the SFB (Schubert and Bottjer, 1992; Pruss et al., 2004;
Mata and Bottjer, 2009, 2011; Vennin et al., 2015; Olivier et al., 2016),
but to our knowledge, no SmithianMISS. Older MISS were also recently
reported from the Griesbachian (?) of southern Idaho and Montana
(Wimer, 2015), but their exact ages need to be conﬁrmed.
3. The Lower Weber Canyon section
The Weber Canyon studied portion takes its usage name from the
geological community (Smith, 1969 and reference therein). This histor-
ical name do not corresponds to the modern day geographical map
name which is ‘Upper Weber Canyon’. To avoid confusion among the
geological community, we have chosen to use the established usage
name ‘Lower Weber Canyon’. The section is located in the north-
eastern part of the SFB (Fig. 1B). It is divided into two distant succes-
sions separated by the Interstate Highway 84 along the Weber River.
These two successions are correlated based on the occurrence of the
Anasibirites beds on both sides of the road (Fig. 2). Overall, the complete
Early Triassic sedimentary succession observed along LWC consists of 4
lithostratigraphic units (Unit A to D; Fig. 1C). The base of the studied
section is unclear due to a 60 m thick vegetation cover at the transition
between Permian rocks and Unit A. The upper Permian deposits are also
markedly faulted as indicated by changes in the stratigraphic inclination
and the presences of fault structures. Additionally, a sedimentary gap is
likely between Permian rocks and Unit A. The Unit A is characterized by
40 m of well-preserved red beds of the Moenkopi Group, described asFig. 2. Panoramas of the LowerWeber Canyon section separated by the Interstate Highway 84 a
parts of the section. The distribution of described lithostratigraphic units B, C and D are also incontinental to tidal ﬂat environments (Dienerian–Smithian?; Smith,
1969). These red beds are not described in this work. They are overlain
by a 60 m-thick vegetation-covered interval followed by 188 m of
mixed dolosiliciclastic, carbonate and marl sediments belonging to the
Thaynes Group (Smith, 1969) that correspond to Units B, C and D
(Figs. 1C and 2). Unit B (111 m-thick) comprises dolosiliciclastic sedi-
ments with MISS occurrences and intercalated cm- to dm-thick
calcarenitic bioclastic levels (Fig. 3A). The co-occurrence of ammonoid
genera Juvenites, Paranannites, Owenites and Meekoceras (noted as
Mee. in Fig. 3A) indicates that Unit B was deposited during the middle
Smithian (Owenites beds in Brayard et al., 2013; UAZ4 in Jattiot et al.,
2017). Unit C is composed of 36 m of silty and carbonate layers in
marl dominated sediments. Its base contains more carbonate beds
than the subsequent part of Unit C and corresponds to the Anasibirites
beds of late Smithian age (noted as Ana. in Figs. 2 and 3A; Brayard
et al., 2013). Unit D (41 m-thick) corresponds bioclastic-dominated de-
posits interbedded in mudstones and is Spathian in age (noted layered
limestones in Fig. 3A; Smith, 1969). At the top of the section, Unit D re-
cords a return to a dolosiliciclastic-dominated sedimentation without
microbial deposits.
4. Facies associations and depositional environments
Macroscopic and microscopic observations on 219 thin sections
have been performed for facies identiﬁcation. Nine facies associations
(F1 to F9) have been recognized and interpreted in terms ofﬂow regime
and tidal zonation (supratidal, intertidal and subtidal). They have been
then integrated in four depositional environments that are distributed
along a ramp system from (1) microbial dolosiliciclastic peritidal
ramp, (2) tide-inﬂuenced bioclastic mid ramp, (3) storm-dominatednd theWeber River. Anasibirites beds (Ana.) provide a precise correlation between the two
dicated.
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Table 1
Classiﬁcation of the nine facies associations determined along the LWC section with their diagnostic compositions and features, their stratal pattern and their corresponding depositional environments.
Facies associations Diagnostic features Other components Sedimentary structures Stratal pattern Flow regime and zonation Depositional
environment
F1: dolosiltstones to
bioclastic
grainstones/calcarenites
(a) Well-sorted quartz and
dolomite (up to 50%) silts in a
sparitic cement
Rare muscovite and glauconite.
Oxides and sulphurs are also
present. Rare bioclastes (bivalves,
echinoderms, phosphate remains)
Flat uni- and bidirectional
megaripples, upper plane bed
planar laminations, symmetric
wave and asymmetric current
ripples, trough cross
stratiﬁcations, mud drapes, ﬂuid
escape, desiccation cracks. Locally
presenting clast size sorting (silts
vs ﬁne silts). Rare to moderate
bioturbation
Decimetre to metre thick beds;
and metre to plurimetre wide
Lower part to upper part of the
lower ﬂow regime, inter to
subtidal
Microbial and/or
siliciclastic peritidal
ramp
(b) Highly fragmented
thin-shelled bivalves in a dolosilty
matrix to a sparitic cement
Gastropods, echinoderms and
phosphate remains
Flat uni- and bidirectional
megaripples, asymmetric current
ripples, trough cross
stratiﬁcations, mud drapes, ﬂuid
escape. Rare to moderate
bioturbation
Decimetre to metre thick beds;
and metre to plurimetre wide
Lower part to upper part of the
lower ﬂow regime, inter to
subtidal
(c) Highly fragmented
echinoderms in a dolosilty matrix
to a sparitic cement
Bivalves, gastropods and
phosphate remains
Flat uni- and bidirectional
megaripples, asymmetric current
ripples. Rare to moderate
bioturbation
Decimetre thick in metre wide Upper part of the lower ﬂow
regime, subtidal
F2: Microbial structures (a) Multi-layered dark organic
laminae forming small domal
structures of few centimetre thick
in a dolosilty matrix
Rare bivalves Truncating erosion surfaces,
toplap on the edge of domes, ﬂuid
escape, rare bioturbation
Centimetre to decimetre thick
beds
Lower part of the lower ﬂow
regime, intertidal
(b) Undulated dark organic
laminations, more or less
continuous in a dolosilty matrix.
Laminae: laterally continuous, few
microns-thick sometime stack
into millimetric levels. Wrinkle:
laminae of various thickness from
few to undreds microns capping
sedimentary structures
Rare bivalves, echinoderms and
phosphate remains
Fluid escape, rare bioturbation,
desiccation cracks
Centimetre to decimetre thick
beds at the base or at the top of
megaripples; or pluridecietre to
metre massive wide units
Lower part of the lower ﬂow
regime, inter to subtidal
(c) Chips: dense or peloidal
clotted patches; or disrupted
laminae in a dolosilty matrix
Rare bivalves, echinoderms and
phosphate remains
Fluid escape, rare bioturbation Centimetre thick beds on top of
megaripples
Upper part of the lower ﬂow
regime, subtidal
F3: Sponge and ostracod
mudstones- wackestones
Dominated by disarticulated
ostracod shells and sponge
spicules. Micritic to microsparitic
matrix
Rare to common bivalves. Rare
detritic levels/laminae
Planar laminations, asymmetric
current ripples, herringbones,
ﬂaser bedding, rare bioturbation
Centimetre to pluridecimetre
thick
Lower part of the lower ﬂow
regime and decantation, inter to
subtidal
Tide-inﬂuenced
bioclastic mid ramp
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F4: Bivalve-rich packstones Dominated by the association of
thin and thick disarticulated to
fragmented shells of bivalves.
Micritic to microsparitic matrix
Common gastropods, rare
echinoderm and serpulidae clasts.
Rare to moderate detritism
Uni- and bidirectional
megaripples, mud drapes, ﬂuid
escape, rare bioturbation
Decimetre to pluridecimetre thick
beds; and metre to plurimetre
wide
Upper part of the lower ﬂow
regime, inter to subtidal
F5: Bioclastic packstones to
calcarenites
(a) Highly fragmented
thin-shelled bivalves. Dolosilty
matrix to sparitic cement
Rare gastropods with micritic
ﬁlling, echinoderms, phosphate
remains, ostracods and
ammonoids
Rare bioturbation Sheet-like or lenticular centimetre
to decimetre thick beds with
erosive or sharp bases
Upper ﬂow regime, subtidal
(b) Disarticulated thin- and
thick-shelled bivalves presenting
micritic and/or sparitic ﬁlling.
Dolosilty matrix to sparitic
cement
Gasteropods, echinoderms,
phosphate remains
Normal grading, concave up
orientation of shells, rare
bioturbation
Sheet-like pluricentimetre thick
beds with erosive or sharp bases
Upper ﬂow regime, subtidal
(c) Highly fragmented
echinoderms. Dolosilty matrix to
sparitic cement
Common bivalves, rare gastropods
and phosphate remains
Asymmetric ripples, fuid escape,
rare bioturbation
Sheet-like centimetre to
decimetre thick beds with erosive
or sharp bases
Upper ﬂow regime, subtidal
F6: Bivalve and ammonoid
packstones/grainstone to
ﬂoatstones
(a) Bivalve packstone/grainstone.
Dominated by the association of
thin and thick disarticulated shells
of bivalves. Micritic matrix to
sparitic cement
Common gastropods and
ostracods, rare phosphate
remains, echinoderms and
serpulidae, frequent to rare
detritism. Sometime presenting
progressive vertical evolution
from bioclastic calcarenite to
wackestone
Umbrella structures, sometime
with convexe up to concave up
vertical evolution of shell
orientation
Sheet-like or lenticular centimetre
to decimetre thick beds with
erosive or sharp bases
Upper ﬂow regime Storm-dominated
mid ramp
(b) Fragmented large-shelled
bivalve ﬂoatstone. Shells have a
coarsely prismatic structure.
Micritic to microdolomitic matrix
Rare ostracod shells, common
sponge spicules, common
detritism
Valve orientation parallel to the
planar laminations, bidirectional
ripples
Decimetre tabular bed, platy
parting
Upper to lower ﬂow regime
(c) Ammonoid ﬂoatstone in a
micritic to peloidal matrix
Bivalves, ostracods, sponge
spicules, rare gastropods,
moderate detritism
Clast orientation parallel to the
stratiﬁcation
Massive decimetric bed Upper ﬂow regime
F7: Peloid and brachiopod
grainstones to mudstones
Progressive vertical evolution
from peloidal grainstrone,
brachiopod-gastropod grainstone
to wackestone/mudstone
Rare ammonoids, bivalves and
ostracods, common to rare
detritism
Planar laminations, moderate
bioturbation
Decimetre to pluridecimetre thick
beds with sharp bases
Upper to lower ﬂow regime
F8: Thick bivalve ﬂoatstones Articulated to disarticulated
thick-shelled bivalves. Micritic to
microsparitic matrix
Rare ostracods and gastropods,
rare detritism
Massive Centrimetric levels Lower ﬂow regime and/or
decantation
Mud-dominated
mid to outer ramp
F9: Mudstones (a) Laminated micritic to
microdolomitic muds with rare
ﬁne dolosilty layers
Rare muscovite, rare bivalves Planar laminations, asymmetric
current ripples, rare bioturbation
Upper to lower ﬂow regime
(b) Black marls Planar laminations Centimetric to decimetric
intervals
Lower ﬂow regime and
decantation
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142 A.-S. Grosjean et al. / Sedimentary Geology 363 (2018) 136–151mid ramp, to (4) mud-dominated mid to outer ramp. In dolosiliciclastic
sediments, the recognition of MISS is commonly based on indirect
signatures (i.e., sedimentary surface textures). In this study, we follow-
ed the macro- and micro-criteria of Davies et al.’s (2016) classiﬁcation,
whichwas established by (i) comparisonwithmodernMISS, (ii) identi-
ﬁcation of hydrodynamic conditions during their deposition, and
(iii) textural evidence of grain stabilization when possible. Facies
associations are synthesized in Table 1 and illustrated in Figs. 4–7. A
depositional model is proposed for the studied LWC sedimentary
succession based on the reconstructed environments, their sedimentary
structures and their litho- and bioclastic characteristics (Fig. 8).
4.1. Microbial and/or siliciclastic peritidal ramp
4.1.1. Description
This depositional environment is dominated by the dolosiltstone to
bioclastic calcarenitic facies association (F1) that represents the frame
of Unit B and is associated with the microbial facies association F2. F1
also corresponds to upper Unit D. F1 is organized into dm-thick beds
stacked in metre to plurimetre wide units. It is characterized by
megaripples (Fig. 4A) that commonly display bidirectional cross-
bedded structures and mud drapes (Fig. 4B). F1 is subdivided into
three subfacies associations. F1a consists of carbonate-cemented
dolosiltstones where quartz and dolomite are about 50–60% and 10–
30% of the grain composition respectively. Rare bioclasts (bivalves,
echinoderm plates) and phosphate remains are observed, as well as
accessory minerals (muscovite, glauconite, pyrite, undetermined
oxides), representing less than 5% of the grains. F1b presents an abun-
dance of highly fragmented bivalve shells in a dolosilty matrix to a
sparitic cement (Fig. 4C). The grain composition in quartz and
dolomite is the same than F1a (Fig. 4D). F1c consists of frequent to
abundant, highly fragmented echinoderm plates also observed in a
dolosilty matrix to a sparitic cement (Fig. 4E). Clasts of echinoderms
are well sorted and well rounded. Facies association F2 is composed of
dark organic undulated structures trapping dolosilty grains presenting
the same composition as F1a. It is observed capping the top or the
base of some ﬂat megaripples (Fig. 4F). It also appears as massive
decimetric to metric beds (Fig. 4G) that present desiccation cracks
at their top (Fig. 4H). F2 is also subdivided into three subfacies
associations. F2a corresponds to multi-layered, undulated and com-
monly discontinuous laminae in the dolosilty matrix locally inducing
domes of a few cm-thick in diameter (Fig. 5A and B). F2a is observed
in centrimetric to decimetric levels embedded in the dolosiliciclastic
sedimentation, and is better expressed in the massive upper part of
Unit B (Fig. 3A). F2b displays various textures (planar, wavy or bulbous)
at the macroscale along the erosion proﬁle (Fig. 5C, D and E). At micro-
scale, it is characterized bymore or less continuous laminations (‘laminae’
and ‘wrinkle’). F2b is observed at the base or at the top of themegaripples
or within massive beds. Laminae are sometime fused in tens to hundred
μm-thick laminae (Fig. 5F). Wrinkle structures are preserved on top of
megaripples. The microfabric is composed of dark organic layers draping
ripples and cross-bedded sedimentary structures (Fig. 5G). F2c is only
preserved inmegaripples. Itsmicrofabric is composedof dense or peloidal
clotted patches of organic material named ‘chips’ (Fig. 5H).
4.1.2. Interpretation
The recurrence of megaripples that commonly present bidirectional
laminations and mud/ﬁne silt drapes suggests the deposition of the
dolosiltstones and bioclastic grainstones/calcarenites of F1 under mod-
erate hydrodynamic conditions (lower to upper part of the lower ﬂow
regime) with a tidal inﬂuence in a peritidal domain from inter- to shal-
low subtidal zones (Johnson and Baldwin, 1996; Nichols, 2009). The
concentrations of bivalves and echinoderms (F1b and F1c) in
dolosiliciclastic megaripples suggest their remobilization during
megaripple deposition. The colonization of quartz-sand dominated sed-
iments by microbial bioﬁlms is recurrent in modern and ancientperitidal clastic settings (Gerdes, 2010; Noffke, 2010). The preservation
of F2 at the top and at the base of some megaripples suggests that they
were deposited in the same environment as F1, where desiccation
cracks mark periods of subaerial exposure in the intertidal zone
(Burchette and Wright, 1992; Flügel, 2004). In modern environments,
microbial features are commonly associated with megaripples of mid
ramp, but are also particularly well-preserved in the inner peritidal do-
main where they contribute to the biostabilization of the siliciclastic
substrate (Gerdes et al., 2000; Cuadrado et al., 2011, 2014; Noffke and
Awramik, 2013). The preserved planar, undulated, wavy and bulbous
laminae of F2a and F2b suggest that ﬁlament-dominated microbial
mats acted on the preservation of sedimentary structures (Schieber,
1999; Werhmann et al., 2012). As no evidence of microbial-induced
precipitation is observed, these structures are considered as MISS
(Noffke et al., 2001; Noffke, 2010; Davies et al., 2016). The domal struc-
ture of F2a underlines a sufﬁcient accommodation for a vertical binding
of microbial mats (Noffke and Awramik, 2013). Alternatively, studies in
recent peritidal settings suggest that such domal structures are com-
monly observed in quiet and protected zones and are supposed to
form by trapped gases in voids or by vertical pushing due to gas pres-
sure in ﬂat microbial mats (Reineck et al., 1990; Gerdes et al., 1993;
Gerdes and Krumbein, 1994; Bouton et al., 2016). The association of
ﬂat laminae with megaripples, as well as the replication of ripples by
mats forming wrinkle structures, suggest the ﬂourishing of F2b in
more open zones and intermittent energy (Gerdes and Krumbein,
1994; Gerdes et al., 2000; Vennin et al., 2015; Bouton et al., 2016). In
this peritidal domain, chips of F2c are considered as reworked clasts of
bioﬁlms. As they exhibit similar characteristics to F2b, they likely repre-
sent microbial mat or bioﬁlm fragments remobilized by curling or fray-
ing by waves and tidal currents (Pﬂüger and Gresse, 1996). They are
interpreted as originating during “mechanical deformation of biologi-
cally stabilized surfaces” (Gerdes et al., 2000) in the upper part of the
lower ﬂow regime.4.2. Tide-inﬂuenced bioclastic mid ramp
4.2.1. Description
This depositional environment ismarked by a low siliciclastic supply
and by shell accumulations. It is characterized by bioclastic facies asso-
ciation F4 embedded into the muddy facies association F3 during car-
bonate sedimentation of Unit D; and by F5 intercalated within the
dolosiliciclastic sedimentation of Unit B (Fig. 3A). Facies association F3
forms centimetre- to pluridecimetre-scale beds that commonly display
planar and rare bidirectional structures. It appears in alternation with
bioclastic facies associations F4 and F6 in Unit D (Figs. 3 and 6A). It con-
sists of mudstones/wackestones containing common to frequent
sponge spicules and ostracod shells in a micritic to microsparitic matrix
(Fig. 6B). Bivalve-rich F4 is organized into dm-thick beds stacked into
metre to plurimetre wide units in Unit D (Fig. 6A). It is characterized
by ﬂat uni- and bidirectional megaripples that commonly display mud
drapes. F4 is a packstone that consists of disarticulated to fragmented,
thin and thick-shelled bivalves without preferential orientation
(Fig. 6C). Gastropods are also commonly observed andmore rarely echi-
noderms, as well as a low siliciclastic content. F5 is intercalated within
the dolosiliciclastic sedimentation of Unit B as sheet-like or lenticular
cm- to dm-thick beds that locally display erosive bases. It is represented
by three subfacies associations of bioclastic calcarenites to packstones.
F5a is characterized by highly fragmented, thin-shelled bivalves with-
out preferential orientation that are associated with rare to common
gastropods presenting micritic ﬁlling (Fig. 6D). F5b consists of thick
and thin-shelled bivalves presenting micritic and/or sparitic ﬁlling.
Shells are disarticulated (but not fragmented) and have a preferential
concave up orientation (Fig. 6E). F5c is almost entirely composed of
highly fragmented, well-sorted and moderately rounded echinoderms,
commonly associated with bivalve and phosphate remains (Fig. 6F).
Fig. 4. Facies association illustrations of the peritidal depositional setting (Unit B). (A) Field view of dolosiltstones and bioclastic calcarenites/grainstones (F1) organized into megaripples.
(B) Microphotograph of bidirectional ripples in F1a, separated by mud drapes. (C) Flat megaripples of calcarenitic F1b where shells of bivalves are embedded within the same dolosilty
matrix as F1a. (D) Microscopic view of F1b; note the high fragmentation of shells by current activity. (E) Well-sorted and well-rounded echinoderms in F1c. (F) Top of a dolosilty
megaripple capped by the microbial facies association F2b at the base of Unit B. (G) Organization of F2a into massive metric beds at the top of Unit B. (H) Desiccation cracks,
associated with MISS, preserved at the top of massive beds. The top of the section is indicated on ﬁeld views.
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The presence of uni- and bidirectional structures frequently
preserved in bioclastic facies association F4 and in muddy F3 suggest a
deposition under a lower ﬂow hydrodynamic regime shallow-water
depositional system with a tidal inﬂuence (Johnson and Baldwin,
1996; Nichols, 2009). F4 consists in well-deﬁned accumulations of
bioclasts that associate gastropods and echinoderms with the bivalve-
dominated packstones. They are interpreted as shell concentrations
(as deﬁned by Kidwell et al., 1986). As F3 is associated with the
bioclastic bodies of F4 (Unit D), it is interpreted as deposited in more
protected areas in inter-megaripple position (Tucker, 1985). Moreover,
the megaripples resulting from the bioclastic accumulations of F4, as
well as the sheet-like and lenticularmorphologies of F5 beds commonly
underlined by erosive or sharp bases, indicate their deposition under
moderate to high ﬂow regime on the mid ramp (Wright and Burchette,
1996; Nichols, 2009). As facies association F5 appears as isolated sheet-
like beds with sharp to erosive bases in the main dolosiliciclastic
sedimentation of Unit B, it is interpreted as storm washovers recording
transport under upper ﬂow regime events (Kidwell and Bosence, 1991;
Fürsich and Oschmann, 1993) that commonly remobilize bivalves,
gastropods (F5a and F5b) and echinoderms (F5c) frommid to inner do-
mains of the ramp (Seilacher, 1982; Pruss et al., 2004). Such reworking is
also supported by themicritic ﬁlling of gastropods (F5a) and partially of
bivalves (F5b) that were likely deposited on the carbonate-dominatedmid ramp domain and then transported to the dolosiltstone-
dominated inner domain of the ramp (Unit B). They are interpreted as
storm-induced deposits (Aigner, 1985; Brenchley and Harper, 1998)
and highlight the recurrent remobilization of bioclasts by storm activity
on the ramp (Tucker, 1985; Monaco, 2000; Pruss et al., 2004).
4.3. Storm-dominated mid ramp
4.3.1. Description
This domain is characterized by facies associations F6 and F7
(Fig. 3A). The bioclastic composition of F6 leads to the identiﬁcation of
three subfacies associations. F6a is intercalated into the bioclastic
muds (F3) and megaripples of F4 in Unit D; while F6b, F6c and F7
mark the base of Unit C. F6a is mainly interbeddedwithin themud sed-
imentation of Unit D (F3) and more rarely integrated into bioclastic
megaripples of facies association F4 (Fig. 3A). It corresponds to sheet-
like or lenticular pluri-cm- to dm-thick beds presenting sharp or erosive
bases. Bioclasts almost entirely consist of disarticulated thin or thick
shells of bivalves with a packstone/grainstone texture, sometime
forming umbrella structures, and commonly associatedwith gastropods
and ostracods (Fig. 7A). More rarely, it is marked by the progressive
evolution from bioclastic calcarenites to wackestones deposited on an
undulated erosive base. F6b consists of a unique 50 cm-thick ﬂatbed
preserved at the base of Unit C. It is a ﬂoatstone characterized by
Fig. 5. Illustrations of the characteristic growth morphologies and microstructures of the microbial facies association F2 preserved in a dolosilty matrix in Unit B. (A) Field view of domal
structures of F2a. (B) Microphotograph of dark and light alternations forming small domes (F2a) during dolosilty sedimentation. (C) Field view of irregular and undulated microbial
laminae of F2b. (D) Vertical transition from laminae to wrinkles at the top of massive beds. (E) Upper surface of a bed illustrating the wavy structure of wrinkles (F2b).
(F) Microphotograph of dark and light alternations stacked into relatively continuous laminae (F2b). (G) Microphotograph of wrinkle structures represented by microbial mat draping
ripples. (H) Clotted texture of chips resulting from the disaggregation of microbial mats. (Scale bar of thin-section illustrations = 1 mm. B = bioturbations). The top of the section is
indicated on ﬁeld views.
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matrix (Fig. 7B). The shells are fragmented with a preferential horizon-
tal position parallel to the stratiﬁcation. F6c is characterized by
ammonoids and bivalves ﬂoating in a micritic to peloidal matrix with
a preferential orientation parallel to the elongation of the shells
(Fig. 7C). Ammonoids and bivalves are of various sizes. Bivalves are
disarticulated to fragmented, and ammonoid shells are complete to
fragmented. F7 is composed of carbonate beds interbedded within
black marls (F9b) at the base of Unit C (Fig. 7D). It exhibits a textural
trend from a sharp base that vertically evolves from a peloidal
grainstone, to a brachiopod/gastropod grainstone containing some
ammonoids, and ﬁnally to a laminated mud (Fig. 7E).4.3.2. Interpretation
The deposition of peloid/brachiopod grainstones (F7) and bivalve-
rich packstones (F6a), as well as the vertical evolution of their textures,
argue for a deposition during storm events in open-wave domain of
the mid ramp (Aigner, 1985; Fürsich and Oschmann, 1993). As F6a is
observed intercalated within mud (F3) and bioclastic megaripples
(F4) of Unit D, it is interpreted as incursions of ‘proximal tempestites’
superposed to the mid ramp setting as commonly observed in modern
and ancient environments (Aigner, 1982; Seilacher, 1982; Tucker,
1985). As observed by Boyer et al. (2004), such bioclastic storm-
induced deposits seem to be recurrent during the shallow marine sedi-
mentation of the Early Triassic SFB. By contrast, the increase in micritic
Fig. 6. Facies association illustrations of the bioclastic mid ramp setting. (A) Stacking pattern of the bioclastic mudstone/wackestone facies association F3 interbedded with the bioclastic
packstone F4 (the top of the section is indicated on the picture). (B) Microscopic view of F3, rare shells of bivalves are preserved and embedded in a micritic matrix. (C) Microscopic
characteristics of facies association F4; note that gastropod shells present micritic ﬁlling. (D) Microphotograph of an intercalation of bivalve-dominated F5a interpreted as storm events
embedded into the microbial facies association F2; note the irregular erosional surface at the base of the bioclastic level. (E) Microphotograph of F5b presenting a sharp base in contact
with F1. Shells of bivalves present a peculiar concave-up orientation, sometimes showing a geopetal ﬁlling. (F) Microphotograph of F5c intercalated within F2; note the upward
decrease in echinoderm and phosphate clast size.
145A.-S. Grosjean et al. / Sedimentary Geology 363 (2018) 136–151matrix in F6b and F6c, and the presence of ammonoids associated with
brachiopods and peloids in F6c, suggests a deeper environment than the
one proposed for F6a. Thus, F6b and F6c likely correspond to ‘distal
tempestites’ deposited in an outer position on the mid ramp system
(Burchette andWright, 1992). The internal orientation of bioclasts par-
allel to the stratiﬁcation suggests their deposition during high ﬂow re-
gime events such as storms (Aigner, 1985; Monaco, 2000) commonly
observable in the offshore transition zone (Bridge and Demicco, 2008;
Nichols, 2009). Finally, the accumulation of weakly fragmented shells
of ammonoids and bivalves in a micritic matrix (F7) suggests local po-
tential reworking without transport on the distal part of the mid ramp
(Seilacher et al., 1985; Kidwell et al., 1986).4.4. Mud-dominated mid to outer ramp
4.4.1. Description
Themud-dominatedmid to outer ramp domainmainly corresponds
to Unit C (Fig. 3A). It is composed of thick bivalve ﬂoatstones (F8) inter-
bedded within ﬁne deposits (F9). F8 is organized into well-deﬁned
centimetric levels within the muddy facies association F9. It is
characterized by articulated or disarticulated (but not fragmented)
thick bivalve shells ﬂoating in a micritic to microsparitic matrix
(Fig. 7F). The articulated valves present a vertical to oblique orientation,
while the disarticulated valves are preferably parallel to the stratiﬁca-
tion. Facies association F9a is organized into cm- to dm-thickwell sorted
ﬁne-grained dolosiltstones interlayered with laminated micritic to
microdolomiticmuds (Fig. 7G). The dolosilty layers display a recurrence
of planar laminations and current ripples that are underlined by
millimetric layers of clay sometimes disrupted by ﬂuid escapes and
bioturbation. Facies association F9b is observed at the base of Unit C inalternation with bioclastic facies associations F6b and F7. It is entirely
composed of planar bedding black marls (Fig. 7D).
4.4.2. Interpretation
Thepreservation of articulated shells in F8 argues for a shell accumu-
lation with weak post-deposition hydraulic or biologic reworking
(Kidwell et al., 1986). This suggests that shell assemblages mainly re-
ﬂect the local life environment, possibly recording a rapid burial (Brett
and Seilacher, 1991). F8 was likely deposited under low hydrodynamic
regime and/or by decantation (Seilacher et al., 1985) in a distal part of
themid ramp. In the absence of bidirectional structures, the dominance
of ﬁne-grained sediments argues for the deposition of F9a and F9b
under low hydrodynamic conditions in a distal mid to outer ramp
setting below or close to the normal storm wave base (Burchette
and Wright, 1992; Nichols, 2009). The intercalations of ﬁne-
dolosiliciclastic layers in muddy F9a underline the exportation of
sediments to the distal part of the ramp. The presence of asymmetric
ripples indicates the action of currents during the deposition of these
ﬁne-dolosiltstones, likely due to distal storm events (Bridge and
Demicco, 2008; Nichols, 2009).
5. Sea-level ﬂuctuations and evolution of depositional settings
Based on the vertical evolution of the depositional environments,
the LWC section has been placed in a regional sequential framework
(Fig. 3A). A T-R sequence is proposed and correlated with the second
third-order Smithian sequence of Paull and Paull (1993), also docu-
mented by Vennin et al. (2015) and Olivier et al. (2016) in the southern
part of the SFB. The base of the transgressive trend reﬂects a transition
from continental to shallow marine tide-dominated red beds (Smith,
1969; corresponding to the non-described Unit A) evolving into the
Fig. 7. Facies association illustrations of the storm- and mud-dominated mid ramp settings. (A) Microscopic view of the bivalve-dominated F6a. Note the bimodality in shell size locally
forming umbrella structures. (B) Facies association F6b composed of disarticulated shells of bivalves, with a planar organization. (C) Microphotograph of facies association F6c
characteristic of the Anasibirites beds. (D) Field view of the SSB above the Anasibirites beds intercalated within the black marl subfacies association F9b. (E) Usually observed vertical
succession of facies association F7 composed of peloidal grainstone, brachiopod-gastropod grainstone, and wackestone/mudstone. (F) Microphotograph of a well-preserved articulated
thick-shelled bivalve level of F8 displaying a ﬂoatstone texture where bivalves are embedded within a micritic to microsparitic matrix. (G) Field view of the classic subfacies
association F9a where ﬁne-grained dolosilty levels are interbedded into muds. The top of the section is indicated on ﬁeld views.
146 A.-S. Grosjean et al. / Sedimentary Geology 363 (2018) 136–151siliciclastic/microbial peritidal ramp (F1 and F2 of Unit B). The
transgressive episode reached its maximum above the Anasibirites
beds corresponding to a mud-dominated mid to outer ramp domain
(Unit C). Themaximum ﬂooding is indicated by the presence of deepest
conditions illustrated by associated ﬁne dolosilstones and mudstones,
and black marls (F9a and F9b, respectively). It passes to a regressive
trend characterized by a transition from the mud-dominated mid to
outer ramp to the tide-inﬂuenced bioclastic mid ramp evolving upward
to a siliciclastic peritidal system (Unit D).
This Smithian transgression (Unit B; Fig. 3A) is marked by the ap-
pearance and development of microbial deposits (F2) in association
with ca. 100 m of dolosiltstones and bioclastic calcarenites (F1)organized in tidal megaripples. The microbial deposits are developed
as MISS (Noffke et al., 2001; Noffke and Awramik, 2013; Davies et al.,
2016) in a ﬂat peritidal system (Wright, 1984; Burchette and Wright,
1992; Fig. 8). Regarding modern and ancient microbial morphologies
and microstructures (Schieber et al., 2007; Noffke, 2010; Bouton et al.,
2016; Davies et al., 2016), MISS recorded in the LWC section display a
low diversity of morphologies (Fig. 5) in a wide range of hydrodynamic
conditions (Fig. 8). MISS ﬁrst occur as a cap onmegaripples and are also
observed at their base as wrinkle structures and laminae (F2b; Table 1,
Fig. 3A). Microbial mats are commonly reworked forming chips (F2c).
The chips are systematically observed at the base, top, and inside the
megaripples indicating higher hydrodynamic conditions, whereas they
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laminae and domes dominate along a 7 m-thick interval (Fig. 3A). The
development of small cm-scale domes (F2a) implies local zones of
higher water depth and/or quieter inner ramp environment, which
are favourable conditions for the ﬂourishing of microbial communities
(Noffke and Awramik, 2013). The absence of reworked microbial chips
conﬁrms lowhydrodynamic conditions. The cm-thick domes developed
in alternation with desiccation cracks associated with wrinkle struc-
tures. Their succession indicates low amplitude variations of sea-level
with an increase when domes developed. This peritidal domain islocally affected by storm-induced events as evidenced by shell-beds
composed of bivalves and gastropods (F5a and F5b) and echinoderms
(F5c) (Fig. 8). The composition of the storm-induced deposits is related
to the bioclasticmid rampdomain and is interpreted aswashover incur-
sions in the peritidal setting (Seilacher, 1982; Aigner, 1985; Brenchley
and Harper, 1998; Pruss et al., 2004).
MISS disappear concomitantly with an important increase in sea-
water level as indicated by the occurrence of several ammonoid-rich
layers (Anasibirites beds; F6c and F7; Unit C; Fig. 3A), and the deposition
of mudstones (F9a) and black marls (F9b) (Fig. 8). The late Smithian
148 A.-S. Grosjean et al. / Sedimentary Geology 363 (2018) 136–151ﬂooding event is dated by the Anasibirites beds and correlates through-
out the whole SFB (Paull and Paull, 1993; Lucas et al., 2007; Brayard
et al., 2013; Vennin et al., 2015; Olivier et al., 2016). The following
early Spathian regressive trend is characterized by the progressive de-
position of shell beds. The ﬁrst ones are composed of in situ cm-thick
bivalve-rich levels (F8). They evolve into thicker storm-induced
bioclastic accumulations (F6a) organized in a shallow-upward trend.
This regressive trend is also conﬁrmed by the transition from F9
attributed to a mud-dominated mid to outer ramp, to bioclastic
tidal megaripples (F4) associated laterally with sponge/ostracod
wackestones (F3), and on top of Unit D to mixed siliciclastic and
bioclastic tidal megaripples (F1a and F1b) developed in a peritidal
domain (Fig. 8).
6. Factors inﬂuencing microbial development in LWC
Early Triassic microbial deposits are mostly described as
microbialites in carbonate-dominated successions (Baud et al., 2007;
Marenco et al., 2012; Vennin et al., 2015; Olivier et al., 2016). The facies
and microfacies analysis performed in the LWC section indicates that
MISS proliferated during the middle to late Smithian sedimentation.
This new occurrence of microbial deposits in siliciclastic environments
is older than classical wrinkle structures previously described in some
Spathian deposits of the SFB (Pruss et al., 2004; Mata and Bottjer,
2011). Well-developed Smithian microbial deposits commonly occur
in the southern part of the SFB but are not preserved as MISS (Brayard
et al., 2011; Olivier et al., 2014, 2016; Vennin et al., 2015).
6.1. Sediment supply and bathymetry
The LWC section records the stacking of 111 m of dolosiliciclastic
sediments from the base to the top of Unit B with apparently only
minor changes in hydrodynamic conditions and sedimentary environ-
ments (Fig. 3A). Such a pattern suggests a balance between the creation
of accommodation and sediment supply maintaining the water depth
on the ramp (i.e., bathymetry) and allowing the aggradation of the
system in a moderately hydrodynamic peritidal setting. Our results
argue for the intermittent ﬂourishing of MISS at least during the deposi-
tion of 104 m of sediments. The top of Unit B – corresponding to the
Smithian–Spathian transition – is marked by an increase in accommo-
dation as indicated by the transition from peritidal inner and mid
ramp where MISS are preserved, to storm- and mud-dominated mid
to outer ramp driven by a carbonate sedimentation without microbial
deposits (Figs. 3 and 8). Due to the ﬂat relief of the ramp and without
evidence of a sudden tectonic movement, this important increase in
sea-water level implies a rapid landward displacement of the shoreline
and a destabilization of the proximal peritidal siliciclastic-microbial
environments (Burchette and Wright, 1992). This drowning during
the Smithian–Spathian transition clearly marks the cessation of the
microbial deposits in LWC.
Recently, Vennin et al. (2015) and Olivier et al. (2016) reconstructed
the depositional environments of some areas of the southern SFB during
the Smithian and early Spathian, including the Minersville (MV) and
Torrey (TO) sectors (Fig. 1B). In MV, microbialites mainly ﬂourished
during the Smithian transgressive trend of the large-scale third-order
depositional sequence in a main inner ramp domain. Smithian
microbial-bearing beds are followed by bioclastic beds deposited on a
sharp surface interpreted as a medium-scale sequence boundary
(Vennin et al., 2015). This surface marks an abrupt transition from a
microbial peritidal system to a bioclastic tidal-inﬂuenced shoreface en-
vironment. Microbialites are observed again only during the Spathian
regressive trend. In TO, the microbialite-bioclastic transition is
also marked by a sequence boundary at the base of the bioclastic unit
that discriminates the change from a peritidal system over a tide-
dominated shoal complex (Olivier et al., 2016).As no local synsedimentary tectonics has been well identiﬁed along
the studied sedimentary succession, as well as in the southern part of
the SFB (Olivier et al., 2014), relative sea-level ﬂuctuations seem to
primarily inﬂuencemicrobial/bioclastic substitution in the SFB. Suchob-
servations and interpretations have also beenmade by Bagherpour et al.
(2017) on earliest Triassic microbialites (Griesbachian) from South
China. They invoked an abrupt regional sea-level rise, possibly com-
bined with the effects of regional tectonics, as a major factor involving
the cessation of microbialite constructions.
6.2. Hydrodynamic conditions
Four types ofMISS structures have been preserved in dolosiliciclastic
sedimentation of Unit B in LWC (Fig. 5). Along the Smithian ramp, mi-
crobial deposits are dominated by well-preserved laminae and domal
structures in protected areas of the inner domain and by wrinkles and
chips associated with megaripples in a mid ramp setting (Fig. 8). This
points toward a zonation of MISS morphologies in a proximal-distal
transect along the ramp. Actualistic investigations highlight that –
whether precipitating (microbialites/stromatolites) or not (MISS) –
microbial mats better grow during quiet periods with low erosion
or in environments with low hydrodynamism (Gerdes et al., 2000;
Noffke et al., 2003; Cuadrado et al., 2014). Hydrodynamic conditions
along the Smithian ramp in LWC seem to be moderate and relatively
constant during the period of dolosilisiclastic sedimentation, likely
corresponding to an “ecological window” sensu Noffke et al. (2002),
where hydraulic reworking is moderate. Along the LWC ramp system,
the observed bimodality inmicrobial structures reﬂects the local impact
of hydrodynamism on MISS development. Without hydrodynamism in
inner protected settings, microbial mats form laminae and domes that
facilitate the trapping of sediments by “bafﬂing” and the biostabilization
of the substrate by grain cohesion (Gerdes et al., 2000; Noffke, 2000;
Noffke et al., 2001). By contrast, when tidal currents occur in the
subtidal mid ramp, microbial mats are thin at the top and at the base
of tidal megaripples and are rarely stacked. Resulting MISS are com-
monly disrupted and reworked, forming chips. In association with
megaripples, they probably developed during temporarily decantation
or reduced ﬂow regime of the tidal system or in the protected back
area (Gerdes et al., 2000; Gerdes, 2007; Noffke, 2008; Stal, 2012;
Cuadrado et al., 2014). In modern environments, Bouton et al. (2016)
observed non-mineralized microbial mats preserved in the submersed
zone of the Cayo Coco hypersaline lagoon,where low-energy conditions
and decantation prevailed. This resembles our observations in LWC.
Moreover, various morphologies have been also described in Triassic
microbialites of MV, where Vennin et al. (2015) determined a
proximal-distal zonation along the platform. They observed wavy and
upper plane beds characterizing respectively lower and upper ﬂow re-
gimes and thin crusts in proximal intertidal settings, oncoids and
contorted complex structures in higher hydrodynamic conditions in
inter- to subtidal settings, and thick crusts and coalescent domes in dis-
tal subtidal environments where lower ﬂow regime prevailed. These
modern and ancient cases highlight that hydrodynamism inﬂuences
calciﬁed and non-calciﬁed microbial deposits and controls the de-
scribed proximal-distal distribution of MISS in LWC. Our observations
on LWC MISS thus support hydrodynamism as one of their main
controlling parameters, as also documented for calciﬁed microbial
mats associated with Early Triassic peritidal environments (Kershaw
et al., 1999; Baud et al., 2007; Woods and Baud, 2008; Vennin et al.,
2015).
6.3. Is the apparent absence of carbonate precipitation at LWC linked to
substrate lithology?
According to Pruss et al. (2004), the occurrence ofwrinkle structures
in Spathian shallow subtidal siliciclastic environments is unusual as
microbial deposits are preferably preserved in carbonate systems
149A.-S. Grosjean et al. / Sedimentary Geology 363 (2018) 136–151(Schubert and Bottjer, 1992; Lehrmann et al., 2015). Our results show
the development of MISS in subtidal and intertidal dolosiliciclastic envi-
ronments at least since the middle Smithian suggesting that such de-
posits were probably not so rare in Early Triassic environments. MISS
are identiﬁed inmarine and terrestrial siliciclastic (paleo)environments
where they formed 2D structures by binding and trapping of sediment
particles without precipitation of calcium carbonate (Gerdes et al.,
2000; Schieber et al., 2007; Noffke, 2009; Noffke and Awramik, 2013;
Davies et al., 2016). Due to the phototrophic requirement of autotrophic
cyanobacteria, mats can develop well in ﬁne quartz sands, which efﬁ-
ciently enable the conduction of solar radiation in translucent grains
(Gerdes et al., 1985; Noffke et al., 2001). Nevertheless, many microbial
mats are neither systematically direct actors of carbonate precipitation
nor are they able to precipitate carbonate when environmental
physico-chemical conditions change (Arp et al., 2003; Dupraz et al.,
2009). Some studies have also reported uncommon early precipitation
of CaCO3 in microbial mats in peculiar siliciclastic settings (Druschke
et al., 2008; Kremer et al., 2008; Cuadrado et al., 2011). These different
studies suggest that the siliciclastic composition of the substratum
alone does not explain the apparent absence ofmicrobial-mediated pre-
cipitation as observed in LWC. Indeed, the composition of microbial
communities, as well as the physico-chemical characteristics of the
water column and substratum, are likely prime factors inﬂuencing the
mineralization of microbial mats in siliciclastic environments.
Based on the worldwide geographic variations of Early Triassic
calciﬁed microbial deposits, Kershaw et al. (2012) and Kershaw
(2017) suggested that, over global perturbations (such as carbon
cycle or climate ﬂuctuations), physico-chemical conditions (CaCO3
saturation, upwellings and water surface circulation) may have had an
important impact on microbial mat ﬂourishing, morphologies and pre-
cipitation. It is well known that the precipitation of CaCO3 in microbial
mats can be constrained by the alkalinity of sea-waters (Arp et al.,
2001, 2003; Dupraz et al., 2009). Biogenic calciﬁcation is often favoured
when waters are supersaturated in CaCO3 (Pentecost and Riding, 1986;
Riding, 2000; Riding et al., 2014). The apparent absence of bio-
precipitation in thenorth of the SFB during the ?Griesbachian–Smithian,
where MISS are preserved in siliciclastic sediments (this work; Wimer,
2015), clearly contrasts with the south SFB where microbialites
developed in a carbonate setting (e.g., MV section; Vennin et al.,
2015). Recent geochemical studies show that beyond thewater chemis-
try, differential early diagenetic processes at the water-sediment
interface likely took place within the SFB, e.g., inducing authigenic car-
bonate precipitation in some places (Thomazo et al., 2016; Caravaca
et al., 2017b). The northern part of the SFBmay have also been probably
more inﬂuenced by terrigenous inﬂuxes than the southern part
(Caravaca et al., 2017b). This may have prevented the mineralization
of microbial mats at LWC. A simpler hypothesis is that microbial
communities present at LWC may have not possessed the capacity to
mineralize. Overall, these observations suggest that local physico-
chemical conditions, rather than global events, may have primarily
controlled the spatial, temporal and morphological development of
microbial mats in the SFB during the Early Triassic.
7. Conclusions
The facies analysis of the sedimentary succession preserved at the
Lower Weber Canyon site provides new evidence regarding microbial
ﬂourishing during the Early Triassic and the local and regional factors
controlling their development. Nine facies associations are recognized
and distributed along the LWC section in depositional settings
ranging from microbial/dolosiliciclastic peritidal ramp, tide-inﬂuenced
bioclastic mid ramp, storm-dominated mid ramp, to mud-dominated
mid to outer ramp. In the absence of bio-induced carbonate precipita-
tion, microbial deposits are interpreted as MISS that ﬂourished in a
mainly peritidal setting where hydrodynamic conditions inﬂuenced
their morphological disparity. Four microbial structures developed intwo main distinct depositional settings. On the one hand, wrinkles
and chips dominate the microbial assemblage in tide-inﬂuenced mid
ramp characterized by bioclastic and dolosiliciclastic megaripples af-
fected by some storm-induced events. On the other hand, laminae and
domal structures are preferably recorded in protected areas behind
megaripples or in inner ramp where subaerial exposure commonly
occurred.
The vertical stacking of at least 100 m of dolosilstones where MISS
developed during the Smithian transgression argues for sufﬁcient
available space for sedimentation maintaining a stable bathymetry
favourable for microbial development. The Smithian transgressive in-
terval allowed microbial mats to ﬂourish from north to south in the
SFB. Nevertheless, our results suggest that the ﬁne quartz composition
of the substrate is not the only factor favouring the development of
MISS. Indeed, local physico-chemical conditions of the peritidal
dolosiliciclastic environment (CaCO3 water saturation, intensity of ter-
rigenous ﬂuxes, or early diagenesis) did not provide ideal conditions
for calciﬁcation of microbial mats or for their preservation. Moreover,
as some microbial mat communities do not contribute to carbonate
precipitation, the composition of the living microbial community can
be questioned at LWC.
The late Smithian sediments record thedeepening of the depositional
environment by transgression inducing a migration of the depositional
setting toward a carbonate-dominated ramp accompanied by the cessa-
tion of microbial deposits, or at least by the end of their preservation.
Then, bivalve shells accumulated either in tidal megaripples or in
proximal tempestites interbedded with sponge/ostracod muds in the
bioclastic mid ramp, while ammonoid beds, distal tempestites, black
marls and ﬁne muddy/silty deposits record the opening of the deposi-
tional environment to storm- and mud-dominated mid to outer ramp
systems.
Therefore, this study of Smithian MISS represents a new step in the
understanding of Early Triassic microbial deposits, their geographical
repartition, as well as their morphological variability. Based on their
high disparity, we suggest that local factors have signiﬁcant impacts
on the development of microbial structures, rather than global factors
such as ocean anoxia or climate. Further regional investigations are
now needed to better disentangle the processes inﬂuencing the spatial
and temporal development ofmicrobial deposits and their relationships
with other biotic communities during the Early Triassic.
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